This study assesses the role of ICT in modulating the impact of education and lifelong learning on income inequality and economic growth. It focuses on a sample of 48 African countries from 2004 to 2014. The empirical evidence is based on the generalised method of moments (GMM). The following findings are established. First, mobile phone and internet each interact with primary school education to decrease income inequality. Second, all ICT indicators interact with secondary school education to exert a negative impact on the Gini index. Third, fixed broadband distinctly interacts with primary school education and lifelong learning to have a positive effect on economic growth. Fourth, ICT indicators do not significantly influence inequality and economic growth through tertiary school education and lifelong learning. These main findings are further substantiated. Policy implications are discussed.
Introduction
In the development of the 21 st century, Information and Communication Technologies (ICT) are expected to enhance the quality of education and the corresponding knowledge acquired; the deepening of knowledge and the creation of knowledge (UNESCO, 2015) . Overall, the transformative power of ICT is aligned with the post-2015 Sustainable Development Goals (SDGs) on the education agenda. It follows that ICT can be relevant in modulating education for economic outcomes such as economic growth and inequality. The positioning of this study on the role of ICT in modulating the effect of education and lifelong learning on income inequality and economic growth is based on four main trends in scholarly and policy circles: (i) growing interest in knowledge economy, specifically, education for development; (ii) increasing potential of ICT for development; (iii) growing evidence of exclusion in the African continent and (iv) gaps in the literature. We further engage these points chronologically.
First, nowadays, competitiveness is an important factor that each country has to take into account in order to be actively involved in the global economy. In the 21 st century, competition is increasingly focusing on the knowledge economy, which has been one of the important themes of the World Bank and the Organization for Economic Co-operation and Development (OECD) (World Bank, 2007; Weber, 2011; Tchamyou, 2017; Asongu, 2017) . In this regard, the developed world, especially North America and Europe, is dominating in terms of economic development as it has well understood the relevance of the knowledge economy. Latin America has been facing the challenges of globalisation by emphasizing on policy frameworks which respond to the growing need of knowledge economy (Dahlman, 2007) . The Japanese model based on the knowledge economy has also been leveraged by the Newly Industrialized Economies of Asia (Hong Kong, Taiwan, Singapore and South Korea), China and Malaysia (Chandra & Yokoyama, 2011; Asongu, 2017) . South Korea is one of the freshly industrialised Asian nations which have made the most successful transition to a 'knowledge-based economy' from its 'product-based economy'. Moreover, the country could inspire African nations because its economic development level was almost the same as that of many African countries in the 1960s (Tchamyou, 2017) . It is important to note that the emphasis on knowledge economy (KE) is because of the independent variables of interest in this study (i.e. education, ICT and lifelong learning) all border on KE.
A KE is one that uses knowledge as the main device of economic expansion (Asongu, 2017; Suh & Chen, 2007) . It is an economy where knowledge is created, acquired, used and disseminated with efficiency in order to improve economic development (Tchamyou, 2017; Chen & Dahlman, 2005) . Contrary to some opinions and thoughts, the concept of KE is not necessarily associated with high technology. According to the narratives, the progression from a product-based economy to a KE takes into account measures like investing in long-term education, renovating the infrastructure of information, improving the capacity of innovation and promoting an environment that is favourable for economic prosperity and market transactions. The World Bank has then qualified four factors as pillars of knowledge economy, notably: (i) institutional regime and economic incentives which provide interesting economic policies and institutions; (ii) education which is continuously adapting and improving skills for the efficiency in the creation and usage of knowledge; (iii) information and communication technologies which effectively ease dissemination of knowledge and (iv) innovation in schools, companies, research institutes and other organisations. The above pillars are essential in the creation, acceptance, adoption and use of knowledge in every step of the production of knowledge in a domestic economy.
In some African countries, great emphasis has been placed on primary and secondary education for several decades, whereas tertiary education has been neglected as a medium for enhancing economic growth and mitigating poverty 4 . To substantiate this point, the Dakar summit of 2000 on "Education for all" focused only on the primary school education as a driver of social wellbeing while tertiary education was ignored (Bloom et al. 2006 ). According to the author, one reason for such inattention to higher education lies in the shortcomings of empirical evidence on the benefits of higher education in the processes of economic development and poverty reduction in a country. In this perspective of reducing poverty and exclusion, there is a global acknowledgement of the importance of improving financial inclusion and financial education for inclusive development. Particularly, a significant policy focus has been oriented towards the favourable connection between financial education and inclusive finance (Atkinson & Messy, 2013) .
Second, on the potential penetration of ICT for development, Penard et al. (2012) stated that the penetration potential of ICT in Africa is high, whereas ICT penetration in the developed world has reached saturation levels. Asongu and le Roux (2019) have established evidence that ICT is relevant in improving inclusive human development in the African context. In this vein, policymakers can leverage on such penetration potential to address inequality-related challenges of the post-2015 SDGs. Furthermore, Andrianaivo and Kpodar (2011) showed a substantial contribution of ICT to the economic development of Africa. On its recent 2016 publication entitled "Digital Dividends", the World Development Report has documented that internet access is sufficient but not enough. The report further clarifies that the maximisation of digital dividends entails a good understanding of the interaction between new technologies and essential factors for the development of economies. The report qualifies these factors as "analog complements" which have three components, namely: regulations; accountable institutions and improved skills (World Development Report, 2016) . Digital technologies can significantly improve and enhance the underlying complements and therefore speed the pace of economic development. In the context of our study, the "analog complements" refers to education and lifelong.
Third, the 2016 publication of the World Bank on "Poverty and shared prosperity -Taking on inequality" has advocated that poverty has been decreasing significantly around the world, except in Africa. The report further points out the interest of mitigating inequality so that poverty can be ended by 2030, and if shared prosperity is boosted across the world (World Bank, 2016) . According to the report, many countries have been unsuccessful in meeting the extreme poverty target set by the Millennium Development Goals (MDGs). This is in spite of the growth recovery, which started two decades ago (Fosu, 2015) . Following this, Klasen (2016) reported the predominance of inequality in African countries when compared to other regions of the world. According to the narrative, Latin America is the only sub-region which surpasses in terms of inequality.
Fourth, this study complements the highlighted literature discussed in the above strands (for instance: Dahlman, 2007; Andrianaivo & Kpodar, 2011; Chavula, 2013; Klasen, 2016; Asongu, 2017 , Tchamyou, 2017 by assessing the relevance of ICT in modulating the effect of education and lifelong learning on income inequality and economic growth. ICT is considered as a policy or modulating variable because of its high penetration potential, unlike educational levels which have almost reached the maximum limit in some levels of education. In other words, in interactive regressions, a policy variable has economic meaning if it has a high potential for penetration, compared to the other constituent interacting variable.
The testable hypotheses are:
Hypothesis 1: ICT modulates education to reduce inequality and increase economic growth.
Hypothesis 2: ICT modulates lifelong learning to reduce inequality and increase economic growth.
The theoretical framework underpinning the nexus between information technology and economic outcomes such as inequality and economic prosperity (in terms of economic growth) accords with neoclassical theories for economic growth (Kwan & Chiu, 2015) . Building on the corresponding literature, the fundamentals of the neoclassical growth models support the perspective that information technology promotes economic prosperity and reduces income inequality in developing countries (Abramowitz, 1986; Bernard & Jones, 1996; Asongu, Nwachukwu & Aziz, 2018) . The theoretical framework has been recently employed within the context of literature on nexuses between ICT and the socio-economic development of African countries (Uduji & Okolo-Obasi, 2018a , 2018b Bongomin et al., 2018; Asongu et al., 2019a Asongu et al., , 2019b ). This theoretical perspective is supported with more insights into what follows.
Economic growth (inequality) can be promoted (mitigated) by ICT through education for a plethora of reasons. (i) While ICT enables people to limit physical displacement (Ureta, 2008; Shaikh & Karjaluoto, 2015; Asongu, 2015; Efobi et al., 2018) , such benefits can be more apparent when citizens are educated on the benefits of leveraging on ICT to reduce such physical displacements. (ii) ICT provides citizens and firms with timely information and hence reduces information asymmetry that is costly to households, corporations and governments (Smith, Spence & Rashid, 2011; Tchamyou, 2019b) . The education mechanism consolidates the relevance of such ICT in the underlying benefits, which ultimately increase respectively, household welfare, the productivity of firms and government effectiveness. Consistent with the underlying testable hypotheses, theseexternalities have a bearing on economic growth and inequality reduction.
The contemporary attendant literature on economic growth and inequality has not focused on the problem statement being assessed in this study. On the one hand, recent economic growth studies have largely been oriented towards country-specific narratives on output and inflation dynamics (Bonga-Bonga & Simo-Kengne, 2018); linkages between economic prosperity and financial access (Adam et al., 2017; Assefa & Mollick, 2017) ; nexuses between development assistance, uncertainty in development assistance and economic growth by sectors (Kumi et al., 2017) ; drivers of foreign investment in developing countries (Okafor et al., 2017) ; uncertainty in economic prosperity and access to finance (Muazu & Alagidede, 2017) and connections between volatility in economic prosperity and innovation (Yaya & Cabral, 2017 ).
On the other hand, the contemporary inequality literature in Africa has largely been concerned with, inter alia: the imperative to reinvent development assistance in order to promote inclusive economic development (Jones & Tarp, 2015; Asongu, 2016; Page & Söderbom, 2015) ; the connection between the distribution of income and external flows (Kaulihowa & Adjasi, 2018) ; nexuses between income and consumption (De Magalhães & Santaeulàlia-Llopis, 2018); linkages between corruption and the distribution of income (Sulemana & Kpienbaareh, 2018) ; inequality in opportunities for the female gender (Bayraktar & Fofack, 2018; Elu, 2018; Mannah-Blankson, 2018) and nexuses between information asymmetry, schooling, access to finance and the redistribution of income (Meniago & Asongu, 2018; Tchamyou, 2019a Tchamyou, , 2019b .
The remaining sections of the study are structured as follows: the data and methodology are covered in section 2, while section 3 presents and discusses the empirical results. Section 4 concludes with implications and future research directions.
2.Data and methodology

2.1.Data description
We analyse a sample of 48 Borrowing from recent literature on education and knowledge economy (Tchamyou, 2019a; Tchamyou, 2017; Asongu &Tchamyou, 2019) , lifelong learning can be measured and defined as the combined knowledge acquired during three educational levels, which are: primary, secondary and tertiary education. Building on these levels of education, we thus employ Principal Component Analysis (PCA) to derive a composite indicator named "Educatex". PCA is a method used in statistics to transform a large set of correlated indicators into a small set of uncorrelated composite indicators. The new composite indicators contain most information available in the original data. The information criterion employed to find out the number of common factors to retain is from Kaiser (1974) and Jolliffe (2002) . They recommend keeping factors with eigen values higher than one. From Appendix 1, we can see that the first principal component satisfies this criterion. The corresponding lifelong learning composite "Educatex", accounts for 82.5% of the information contained in primary, secondary and tertiary school enrolments.
Consistent with the literature on ICT (Efobi et al., 2018; Tchamyou et al., 2019; Sassi & Goaied, 2013; Chavula, 2013) , we proxy ICT measures with internet penetration rate per 100 people, mobile phone penetration rate per 100 people, and fixed broadband subscription per 100 people.
Following the literature on inequality (Beck et al., 2007 , Meniago & Asongu, 2018 Tchamyou, 2019b) we use the common Gini index as a measurement of income inequality and the real GDP growth as a proxy for economic growth. Accordingly, GDP growth is in annual percentage while the Gini index is a measurement of income distribution among residents in a country.
We control for factors which could potentially impact income inequality and economic growth, notably: financial depth; political stability and remittances (Demirguc-Kunt et al., 2017; Tchamyou, 2019a) . Demirguc-Kunt et al. (2017) found evidence that financial depth, which is a concept related but different from financial inclusion, is a factor contributing to shared economic growth and overall development 5 . We expect remittances to reduce income inequality because they have been documented to be mostly used for consumption purposes (Ssozi & Asongu, 2016) . However, the opposite effect of remittances on income inequality can occur because the majority of migrants originate from middle-and high-income households. Hence remittances can increase inequality (Anyanwu, 2011) .We can also expect a decrease in inequality with political stability because it provides a favourable environment for economic prosperity and by extension appealing conditions for the equitable distribution of benefits resulting from the underlying economic development (Tchamyou, 2019a) .
Appendix 2 discloses the definitions and sources of variables. Appendix 3 presents the summary statistics and the sample of countries and Appendix 4 the correlation matrix. From the summary statistics, we can notice the comparability of the variables based on the mean values and substantial variability in indicators based on the corresponding standard deviations. We control for the degree of substitution among indicators using the correlation matrix. The purpose of such control is to avoid issues of multicollinearity. This issue is apparent among ICT variables. This is why they are distinctly specified in order to avoid misspecification in equations.
Estimation technique: Interactive Generalised Method of Moments
To investigate the role of ICT in modulating the effect of education, lifelong learning on income inequality and economic growth, we adopt the Interactive Generalised Method of Moments as estimation technique. It is based on Roodman (2009a Roodman ( , 2009b , which is an extension of Arellano and Bover (1995) .The motivation for choosing this empirical strategy is threefold: first, we are using data structure in the panel, which is consistent with the GMM. Hence, cross-country variations are not eliminated. Second, the requirement of the GMM is to have the number of cross-sections (N) higher than the number of time series (T), this requirement is met in our case given that we have N = 48 and T = 11.Third, this is a robust technique because it controls for endogeneity by means of instrumentation (simultaneity) and accounting for time-invariant omitted variables. Besides this, it restricts over-identification (or the proliferation of instruments) and controls for cross-sectional dependence (Baltagi, 2008; Love & Zicchino, 2006) . Following Brambor et al. (2006) , constituent elements have all been integrated into specifications. Given that the one-stepprocess only takes into account homoscedasticity, we choose the two-step procedure which controls for heteroscedasticity.
We can then summarise the estimation technique with the subsequent equations in levels (1) and first difference (2): 
where, t i DEP , is the dependent variable (income inequality and economic growth) of country i in period t ; EDU is lifelong learning (Educatex) and education (primary, secondary and tertiary school enrolments); Inter is the interaction between, on the on hand, lifelong learning and ICT and on the on hand, education and ICT ( ICT EDU  ); ICT represents ICT indicators (mobile phone, internet and fix broadband); 0  is a constant;  is the lagging coefficient (due to issues in degree on freedom, it is equal to one in this study); W represents the vector of control variables (financial depth; political stability and remittances), t  is the time-specific constant, i  is the country-specific effect, and t i,  is the error term.
The following paragraph briefly discusses main characteristics of the GMM, namely:
identification, simultaneity and exclusion restrictions.
It has been documented in recent literature that all explaining variables are presumed to be suspected endogenous (or predetermined) whereas years (or time-invariant variables) are expected to be strictly exogenous (Asongu & Nwachukwu, 2016; Tchamyou & Asongu, 2017) . This is mainly because it is not likely for time-invariant variables to be endogenous in the first difference (Roodman, 2009b) .Consequently, the process employed to treat ivstyle (years) is 'iv (years, eq(diff))'and the gmmstyle is used to deal with suspected endogenous variables. (Beck et al., 2003) . Table 1 and Table 2 , respectively present findings corresponding to income inequality and economic growth. Overall, the information criteria used to assess the validity 6 of the models are overwhelmingly valid. We compute net effects in order to examine the complementary role of ICT in the effect of education and lifelong learning on income inequality and economic growth. For instance, in the third column of primary school; 12.016 is the conditional effect from the interaction between fixed broadband and primary school enrolment, and 0.753 is the mean value of fixed broadband. This computation is consistent with recent interactive regression literature (Agoba et al., 2019) .
Empirical results and discussion
The following findings can be established on the linkages between ICT, income inequality, economic growth and educational levels. First, in Table 1 Second, concerning economic growth (Table 2) , (i) there are two significant findings from the interaction between fixed broadband and primary school enrolment on the one hand, and from the interaction between fixed broadband and lifelong learning on the other hand. (ii) Interactions between mobile phone and primary school education on the one hand and between mobile phone and secondary school, on the other hand, are not significant. (iii) No significant results are found when interacting ICT variables with tertiary school enrolment. (iv) As in Table 1 , significant control variables display the expected sign, except for political stability. Overall, in the light of the computed net effects, while the two investigated hypotheses highlighted in the introduction are not overwhelmingly valid, there is, however, room for implications based on specific educational and ICT dynamics.
Concluding remarks and future research directions
The study has assessed the role of information and communication technology (ICT) in modulating the effect of education and lifelong learning on income inequality and economic growth. It has focused on a sample of 48 African countries from 2004 to 2014. The empirical evidence is based on the generalised method of moments (GMM), and the lifelong learning is measured as the combined knowledge acquired during primary, secondary and tertiary education. We use the common Gini index to measure income inequality and real GDP growth as a proxy of economic growth. The following main results have been established. First, mobile phone and internet interact each with primary school education to decrease income inequality.
Second, all ICT indicators interact with secondary school education to exert a negative impact on the Gini index. Third, fixed broadband distinctly interacts with primary school education and lifelong learning to have a positive effect on economic growth. Fourth, ICT indicators do not significantly influence inequality and economic growth through tertiary school and lifelong learning. These main findings are further substantiated.
First, compared to other educational levels, primary school (secondary school) provides favourable conditions for more positive redistribution of income (economic growth). This is in accordance with the literature (see Petrakis & Stamatakis, 2002; Asiedu, 2014; Tchamyou, 2019a) which has shown that primary education has a comparative advantage in terms of social returns in the context of less industrialised economies. In essence, we are consistent with Tchamyou (2019a) This is in spite of the high rate of primary school enrolment in sub-Sahara African countries, which has nearly reached that of developed countries (Gove, 2017) .The policy implication which we can derive from this is that primary education is the fundamental basis in the relevance of higher educational levels in the impact of education on income inequality. The logic behind this implication is that the redistributive aspect of lifelong learning is an essential factor which is driven by primary schooling.
Second, our results show that lifelong learning does not significantly reduce income inequality through ICT. This result counteracts those of Tchamyou (2019a) who finds that the combined knowledge gained through educational levels (primary, secondary and tertiary school enrolments) has more relevance in decreasing income inequality. This contradictory result may be due to the fact that the study of Tchamyou (2019a) uses interactions between financial access and education (as well as lifelong learning) to reduce income inequality; whereas in our study, we complement education and lifelong learning with ICT indicators. We thus find that the effects of education, especially primary school enrolment and lifelong learning, are relevant in boosting economic growth via fixed broadband. Consistent with this result, the United Nations Development of Economic and Social Affairs (UNDESA) in its 2012 report on "Boosting development with broadband and ICTs" emphasised on the importance of improving and strengthening ICT and broadband to fight global poverty and famine worldwide and by extension boost economic growth (UNDESA, 2012) . An implication to this is that investing in education and better ICT access will, in the long run, reduce inequality and improve growth in the post-2015 development era.
Future research can investigate if the established results are empirically valid from countryspecific perspectives. This may guide policymakers on more focused policy implications, because this study has employed the GMM which eliminates country-specific effects. Like in most studies on inequality, a caveat to this study is that the story on inequality and associated development indicators with which it is connected is strongly influenced by elements of inequality the Gini index can capture compared to those that it is difficult for it to capture. Székely and Hilgert (1999) provide insights into what is behind the measurements of inequality.
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